Triticum aesti umiZea mays crosses are now widely used in the production of wheat doubled haploids to produce homozygous lines. Seasonal effects are known to influence the number of haploid embryos produced through wheatimaize crosses, but the effects of temperature and light have not been quantified. This study investigated the effect of temperature and light intensity on haploid embryo production. New Zealand wheat cultivars were grown in a glasshouse until booting when they were transferred to growth cabinets at three temperatures (day\night ; 17\12, 22\17 or 27\22 mC at an irradiance of 250 µmol m −# s −" PAR). In another experiment, wheat lines were transferred to a growth cabinet at one of three light intensities (300, 500 or 1000 µmol m −# s −" PAR at 22\17 mC day\night, with a photoperiod of 16 h). The temperature and light intensity at which pollinations were made and subsequent fertilisation and embryo development occurred, significantly (P 0n01) influenced the frequency of haploid embryo production. The optimal temperature for embryo recovery was 22\17 mC. The greatest number of embryos was produced at a light intensity of 1000 µmol m −# s −" . These findings will result in improvements in the overall efficiency of the wheatimaize system for wheat doubled haploid production.
INTRODUCTION
The use of doubled haploid technology enables homozygosity of wheat lines to be reached in a single generation, making it a useful technique for both wheat breeding and genetical studies. Various methods are available for producing wheat doubled haploids, including anther and microspore culture ; these methods have been limited due to genotypic specificity (Kisana et al., 1993 ; Ekiz and Konzak, 1994 ; Otani and Shimada, 1994) . In contrast, wheatimaize crosses are widely used for the production of wheat doubled haploids because no recalcitrant genotypes have been reported Islam and Shepherd, 1994 ; Pienaar and Lesch, 1994) .
In the wheatimaize cross, the maize chromosomes are eliminated within the first few cell cycles following fertilisation (Laurie and Bennett, 1989) . As a result, the endosperm is either absent or highly abnormal and the embryo fails to develop fully. The application of synthetic auxins, such as dicamba and\or 2,4-dichlorophenoxyacetic acid (2,4-D) , to pollinated florets, stimulates haploid embryo development to a stage where the embryos can be rescued onto nutrient media (Suenaga and Nakajima, 1989) . Further refinements to the technique have been made to increase haploid embryo survival through manipulation of plant growth regulator treatments and tissue culture conditions (Suenaga and Nakajima, 1989 ; O'Donoughue and Bennett, 1994 ; Pienaar and Lesch, 1994 ; Morshedi, Darvey and Suenaga, 1996 ; Pienaar, Horn and Lesch, 1996) .
Differences in the efficiency of the wheatimaize system have been related to the time of year in which the crosses are made (Pienaar and Lesch, 1994 ; Pienaar et al., 1996) . O'Donoughue and Bennett (1994) reported that the environment influenced durum wheat embryo survival in a genotypically-dependent manner ; embryo recovery from the cultivar ' Rampton Rivet ' was significantly greater in a 20 mC growth room than in an unheated glasshouse, whereas cultivars ' Wakona ' and ' Chinese Spring ' were unaffected. In other wide cereal crosses the effect of temperature has been noted (Pickering and Morgan, 1985 ; Sitch and Snape, 1987 ; Nkongolo, St-Pierre and Comeau, 1991 ; Molna! rLa! ng and Sutka, 1994) . There are no reports available on the influence of other environmental factors, such as light intensity, light quality and photoperiod on wide cereal crosses.
The aim of this work was to investigate the importance of temperature and light intensity on haploid embryo production in wheatimaize crosses for a number of New Zealand wheat cultivars. This information will be useful for optimising glasshouse growing conditions and deciding optimal seasonal conditions for pollination, thus maximising the efficiency of the system.
MATERIALS AND METHODS

Crossing and embryo rescue procedure
Wheat spikes were emasculated 1-2 d before anthesis. At the approximate time of anthesis, florets were pollinated with fresh maize pollen (NZ75) using a small paintbrush. and 20 mg l − " 2,4-D) 2-3 d after pollination. This plant growth regulator solution was injected at the first internode of the spike. Vaseline was used to prevent leakage and a drop of solution was also placed into each of the floret cups. Immature seeds were dissected and counted 14-20 d after pollination, and developing embryos were rescued on to artificial nutrient medium containing half-strength MS salts (Murashige and Skoog, 1962) supplemented with 20 g l − " sucrose and 7 g l − " agar. Embryos were incubated in darkness at 20-24 mC until germination and then transferred to a 16-h photoperiod (65 µmol m − # s − ", PAR).
The effect of temperature on wheat haploid embryo reco ery
Five New Zealand wheat cultivars (Belfield, Kotuku, Rata, Otane and Monad) were grown in a glasshouse until they reached the booting stage. They were then transferred to one of three growth cabinets at different temperature regimes (day\night temperatures of 17\12, 22\17 or 27\22 mC) at a constant light intensity of 250 µmol m − # s − ", PAR, with a 16 h light photoperiod and a constant humidity of 70 %. Wheat spikes were emasculated and pollinated with maize pollen (grown in a glasshouse) as described above. Florets from at least five wheat spikes per cultivar were pollinated (for numbers see Table 1 ). The wheat was maintained in growth cabinets until the time of embryo rescue.
The effect of light intensity on wheat haploid embryo reco ery
Six New Zealand cultivars (Otane, Karamu, Kotuku, Belfield, Rata and Monad) and one advanced breeding line (95ST206), were grown in a glasshouse until they reached the booting stage. They were then transferred to a climate controlled growth room at day\night 22\17 mC and a constant humidity of 70 %. The plants were grown under three different light intensities (300, 500 or 1000 µmol − # s − ", PAR) created with shading cloth. Wheat spikes were emasculated 1-2 d prior to anthesis and at the approximate stage of anthesis the wheat was pollinated with maize pollen (from plants grown in a glasshouse) as described above. Florets from five wheat spikes per cultivar were pollinated (for numbers see Table 2 ). The wheat was maintained in the growth cabinet until the time of embryo rescue.
RESULTS
Under the three different temperature regimes a highly significant (P 0n01) temperature effect on the frequency of wheat haploid embryos occurred (Table 3) . A significant (P 0n05) cultivar effect and a significant (P 0n05) cultivar itemperature interaction also occurred for the frequency of wheat haploid embryos (Table 3 ). The optimal temperature for cultivars Otane, Belfield and Monad was day\night 22\17 mC (Fig. 1 ). Kotuku and Rata produced a higher frequency of embryos at day\night 17\12 mC. Under the three different light intensity regimes (at optimal day\night temperature 22\17 mC) there was a highly significant (P 0n01) light intensity effect on the frequency of haploid embryos (Table 4) . A highly significant (P 0n01) cultivar effect and a highly significant (P 0n01) cultivarilight intensity interaction also occurred for the frequency of wheat haploid embryos (Table 4 ). The highest frequency of haploid embryos was obtained at 1000 µmol m − # s − " for all cultivars, except Kotuku which showed a similar response over all light intensities (Fig. 2) .
Embryos from all of the environmental conditions were cultured successfully. No differences in the germination success rates of embryos taken from different environmental conditions were apparent.
DISCUSSION
This study established that the ambient temperature and light intensity at which pollinations were made and subsequent fertilisation and embryo development occurred, significantly influenced the frequency of haploid embryo formation. The optimal temperature for the recovery of haploid wheat embryos was day\night 22\17 mC (Fig. 1) . However, the influence of temperature differed among wheat cultivars. Similar observations were noted with varying light intensities. The highest light intensity (1000 µmol − # s − #, day\night 22\17 mC) produced the greatest frequency of haploid embryos (38 % of florets pollinated), although the magnitude of this effect differed among wheat cultivars (Fig. 2) . There was no relationship between those cultivars significantly affected by temperature and those significantly affected by light intensity. Belfield and Kotuku, for example, showed the greatest response to temperature but not to light intensity, whereas Rata was affected by light intensity and not affected by temperature. Otane, the only ' true ' spring cultivar in the study, was affected by both temperature and light intensity (Figs 1 and 2 ). In this study there was one environmental treatment (22\17 mC day\night and low light) which was similar in the temperature and light intensity experiments. Results from this treatment varied between the two experiments. The mean number of haploid embryos recovered was greater in the light intensity experiment than in the temperature experiment for all cultivars common to both experiments, except Belfield. A more modern growth cabinet was used in the light experiment than in the temperature experiment, to enable more accurate control of light intensities. Variations in the overall growth cabinet environment between the experiments would account for the variation in plant response. This emphasizes the subtle effects of the environment on the efficiency of wheatimaize haploid production.
Fertilisation and embryo survival in wheatimaize crosses are independent events (Wedzony and van Lammeren, 1996) . Thus, the influence of environmental factors seen in this study could be acting at one or two levels. Previous studies have improved haploid embryo recovery from 22 % Bennett, 1986) to 30 % (Pienaar et al., 1996) through the manipulation of plant growth regulators. Plant growth regulators probably decrease embryo abortion rates rather than improving fertilisation rates. This is because plant growth regulators are applied at least 24 h after pollination, and maize pollen has been shown to germinate on wheat stigmas within 30 min (Wedzony and van Lammeren, 1996) . It would be of use to establish whether the effects of environmental factors seen in this study are increasing fertilisation rates and\or increasing embryo survival rates. If the influence of the environmental factors were on fertilisation, which is reported to be relatively low (28 % of florets pollinated ; Laurie and Bennett 1998 b) , further investigation of environmental influences may lead to a significant improvement in the overall production of haploid embryos.
There are many possible physiological reasons for the influence of environmental factors on haploid embryo recovery. High light intensity could influence the accumulation of photosynthates as resources for haploid embryo development. However, all wheat plants were grown in the same environmental conditions until the booting stage. Therefore, any differences in photosynthate accumulation, affecting embryo recovery, would have had to occur in the time between transfer of the plants to the growth cabinets and embryo survival. Alterations in light intensity and temperature could alter the fertilisation tract environment of the female wheat parent. This could affect the ability of maize pollen to fertilise wheat ovules successfully. Alternatively, different environmental conditions may influence endogenous plant growth regulator levels, or the sensitivity of cells to plant growth regulators, leading to improvements in fertilisation rates and\or embryo survival rates.
In conclusion, the results of these experiments have clearly established that environmental factors can have a marked influence on wheat haploid recovery. This study indicates that seasons of the year with low light intensity or high temperatures are to be avoided in a wheat doubled haploid programme using the wheatimaize method. A greater understanding of the physiology underlying these results will enable manipulation of environmental conditions employed during wheatimaize crosses and other wide cereal crosses, which may lead to subsequent improvements in the overall efficiency of such systems.
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